INTRODUCTION
Many ecologically and economically important marine species have life histories in which juvenile stages use different habitats than adults. Understanding the ontogenetic habitat use patterns of these species and the value of different juvenile habitats for supporting adult populations is critical for effective management and conservation. Hereafter, we refer to the contribution value of different habitats as their nursery function, defined as the growth and survival of juvenile fishes and invertebrates followed by a successful onto-ABSTRACT: Similar to nearshore systems in temperate latitudes, the nursery paradigm for tropical back-reef systems is that they provide a habitat for juveniles of species that subsequently make ontogenetic shifts to adult populations on coral reefs (we refer to this as the nursery function of back-reef systems). Nevertheless, we lack a full understanding of the importance of the nursery function of back-reef systems to the maintenance of coral reef fishes and invertebrate populations; the few studies that have examined the nursery function of multiple habitats indicate that the relationship between juvenile production in back-reef habitats and their subsequent contribution to adult populations on reefs remain poorly understood. In this synopsis we (1) synthesize current knowledge of life history, ecological and habitat influences on juvenile distribution patterns and nursery function within back-reef systems; (2) outline a research strategy for assessing the nursery function of various habitat types in back-reef systems; and (3) discuss management recommendations, particularly in regard to how improved knowledge of the nursery function of back-reef systems can be used in fisheries and ecosystem management, including habitat conservation and restoration decisions. The research strategy builds on research recommendations for assessing the nursery function of temperate habitats and includes 4 levels of research: (1) building conceptual models to guide research and management; (2) identifying juvenile habitat use patterns; (3) measuring connectivity of juvenile and adult populations between habitats; and (4) examining ecological processes that may influence patterns assessed in Level 2 and Level 3 research. Research and modeling output from Levels 1 to 4 will provide an improved ecological understanding of the degree and importance of interconnections between coral reef and adjacent back-reef systems, and will provide information to managers that will facilitate wise decisions pertaining to habitat conservation, habitat restoration, and ecosystembased management, and the maintenance of sustainable fisheries.
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Resale or republication not permitted without written consent of the publisher genetic habitat shift into their adult habitat. All habitats that result in a contribution of individuals to the adult population have a nursery function including, but not limited to, nursery habitats, which make a greater than average contribution to adult populations on a per unit area basis (Beck et al. 2001) , and effective juvenile habitats, which make a greater than average total contribution to adult populations (Dahlgren et al. 2006) .
The importance of habitat loss and degradation as causes of fish population declines is becoming increasingly apparent (Turner et al. 1999 , Jones et al. 2004 . Roughly 50% of the growing world population lives within 100 km of the coastline (Coen et al. 1997 ). Global population projections indicate that by the year 2025, 75% of the world's population may reside in coastal areas (Hinrichsen 1998) . In the United States, coastal areas comprise approximately 17% of the total land area, but 25% of coastal areas are expected to be developed by 2025 (Beach 2002) , with more than 50% of the nation's population living in coastal areas (ORCA 2004 : available at http://spo.nos.noaa.gov/ projects/population/population.html). As coastal human populations worldwide continue to increase, back-reef systems are likely to be increasingly stressed due to factors such as habitat loss, habitat degradation, and overfishing (Hughes 1994 , Lapointe et al. 1994 . Therefore, there is an exigent need to determine the ecological importance of back-reef systems so that appropriate management and conservation actions can be taken.
Recently, there have been several reviews of the nursery value of estuarine and marine habitats, and of ecological processes that influence juvenile production and nursery value (e.g. Heck et al. 1997 , 2003 , Beck et al. 2001 , 2003 , Gillanders et al. 2003 , Sheridan & Hays 2003 , Stoner 2003 , with examples primarily from temperate systems. Thus, the nursery function of tropical nearshore habitats remains poorly understood (e.g. Sheridan & Hays 2003 , Halpern 2004 , Mumby et al. 2004 relative to temperate latitudes.
In tropical systems, adults of many economically and ecologically important species live in association with coral reefs, usually between the reef crest and deeper areas of the fore-reef slope. Nearshore environments between the coral reef and shore in the tropics include an interconnected mosaic of diverse habitat types, such as mangroves, seagrass beds, patch reefs, and various hard-bottom and soft-substrate habitats. The use of traditional terms to describe these habitats has in many cases led to confusion. For example, a lagoon can be a seagrass-dominated area adjacent to a bankbarrier reef on a small (<1 km) (Adams & Ebersole 2002) or large (tens of km) scale (Sedberry & Carter 1993) , an enclosed lagoon connected through a narrow opening (Nagelkerken et al. 2000b , Adams & Tobias 1999 , or estuaries of different salinity regimes (Austin 1971) . Thus, we use the term 'back-reef system' to incorporate all habitats bound by the leeward side of the reef crest (i.e. the traditional back-reef zone) and the mean high-tide line along the shore (Dahlgren & Marr 2004) . The back-reef system is inclusive of habitats along the shoreward margin of coral reefs, within the lagoon, along the shoreline, and within estuarine, tidal creek and wetland areas along the coast.
The back-reef system often harbors a great biological diversity and high abundances of many species, particularly as juveniles. Many habitat types are often found within close proximity to each other, allowing many species to make multiple ontogenetic habitat shifts (e.g. Eggleston 1995 , Dahlgren & Eggleston 2001 or use several different habitat types within the back-reef system (e.g. as foraging areas and shelter) during the same life stage (e.g. Serafy et al. 2003) . Thus, complex interactions can arise among species and habitats. Such complexity makes it difficult to evaluate the nursery function of different habitat types within back-reef systems.
Although the framework for assessing the nursery function of habitats proposed by Beck et al. (2001 Beck et al. ( , 2003 has been applied primarily in temperate systems, it may be adapted for use in assessments of the nursery function of back-reef systems. The paradigm for backreef systems is that they provide a habitat for juveniles of species that subsequently make ontogenetic shifts to adult populations on coral reefs. In some cases, coral reef fish populations are supplemented by individuals from juvenile habitats in back-reef systems (Chittaro et al. 2004 ), and we may also infer from other studies that this process occurs (e.g. Nagelkerken et al. 2000b ,c, 2002 , Ley & McIvor 2002 , Dorenbosch et al. 2004a , Halpern 2004 , Mumby et al. 2004 . Nevertheless, the assumption that habitats within back-reef systems are important nursery habitats that make large contributions to adult populations is largely untested. Our understanding of the importance of the nursery function of back-reef systems to the maintenance of coral reef fish populations is far from complete, and even less is known for most tropical invertebrate populations. This review summarizes the state of knowledge of the nursery function of back-reef systems, and suggests a framework for further elucidating this important aspect of coral reef ecology.
FACTORS UNDERLYING A NURSERY FUNCTION
Following the framework presented by Beck et al. (2001) , the nursery function of a habitat type is the result of a combination of 4 factors regarding juveniles of the species: (1) density, (2) growth, (3) survival, and (4) movement to adult habitats (i.e. connectivity). In most instances, the nursery function of habitat types has been inferred rather than directly demonstrated, typically from studies addressing only 1 or 2 of Factors 1 to 3 for a single species (Beck et al. 2001) . Additional information regarding connectivity between juvenile production and adult populations continues to be lacking for nearly all back-reef systems.
In back-reef systems, studies of the relative growth or mortality of juvenile fishes or invertebrates in different habitats provide information on the ecological processes that influence the nursery function of different habitats. Mortality of fishes at settlement stage or undergoing post-settlement transition can be extremely high, as recently estimated for Naso unicornis in a Pacific back-reef lagoon, where mortality was 61% in the first night after settlement (Doherty et al. 2004 ). Unfortunately, growth and mortality are difficult to quantify and tradeoffs may exist between these 2 factors. Habitats offering high survival rates may not provide juveniles with high growth rates, and vice versa (e.g. Dahlgren & Eggleston 2000) . Habitat-specific growth rates and survival rates may change from place to place, over time, across density gradients, or as individuals grow. Thus, assessing only one of these factors to make inferences about the nursery function of habitats may be insufficient and misleading. Furthermore, even when growth and mortality rates are known, the nursery function of habitats can only be assumed or inferred because connectivity has not been established.
So how can we determine ontogenetic connectivity? Ontogenetic connectivity and nursery function of habitats within back-reef systems has been inferred by studying spatial and temporal patterns in the size distribution of species in different juvenile and adult habitats. For example, the fact that 4 dominant species (Lutjanus griseus, L. apodus, Haemulon sciurus, Sphyraena barracuda) are present almost exclusively as late-stage juveniles in well-developed Florida Bay and Biscayne Bay mangrove habitats (Ley et al. 1999 , Ley & McIvor 2002 , Serafy et al. 2003 , Eggleston et al. 2004 ), but spawn and occur as adults on Florida Keys reefs suggests habitat connectivity. In Curaçao and Bonaire (Netherlands Antilles), the complete fish fauna was investigated in up to 6 different back-reef system habitats and on the adjacent coral reef (Nagelkerken et al. 2000b , Nagelkerken & van der Velde 2002 , 2003 . Of the 85 coral reef fish species observed, at least 17 species were found only as juveniles in the back-reef system and only as adults on the coral reef, suggesting habitat connectivity, particularly for several abundant and commercially important species. Numerous studies have demonstrated a relationship between the availability of juvenile habitat and the abundance of adults on nearby reefs (Baran & Hambrey 1998 , Nagelkerken et al. 2000b , 2002 , Adams & Ebersole 2004 , Dorenbosch et al. 2004b , Halpern 2004 , Mumby et al. 2004 . However, all these findings are correlative, and do not explicitly demonstrate connections between juvenile and adult habitats. Inference about connectivity from spatial and temporal patterns in the size-distribution of species in different juvenile and adult habitats has also been used to show how availability of high quality juvenile habitat, or lack thereof, can decouple adult abundances from larval supply to an area (Lipcius et al. 1997) .
While studies inferring juvenile contributions to adult populations for different habitats within backreef systems by comparing length-frequency distributions and by assessing density, growth and survival are useful, it is optimal to directly measure connectivity using artificial and natural habitat-specific markers (e.g. Yamashita et al. 2002 , Chittaro et al. 2004 ). Below, we discuss factors potentially influencing the measurement of habitat-specific connectivity and the nursery function. Following this discussion, we provide and recommend a four-level research framework with which to pursue investigations of the nursery function.
FACTORS INFLUENCING MEASUREMENT OF NURSERY FUNCTION

Life-history definitions
Knowledge of the life history of a species is critical to understanding the nursery function of different habitats. Most coral reef fishes and many invertebrates have a 2-phase life cycle that may decouple local reproduction from recruitment into the local population, in which juveniles and adults are demersal and larvae are planktonic. The life history strategies of these fishes can be divided into 3 general categories based on patterns of habitat use during the benthic phase of their life history. First is the strategy whereby all benthic life stages use the same habitat, and ontogenetic shifts are minor ('habitat specialists': Fig. 1A ). Habitat specialists tend to be site-attached, and settle, mature and reproduce in a single location (e.g. territorial pomacentrids; Doherty 1983). The second general strategy is followed by species that are not siteattached and can use a variety of habitats ('habitat generalists': Fig. 1B ) (e.g. Halichoeres bivittatus; Sponaugle & Cowen 1997) . While ontogenetic shifts may occur for these species, they may not follow welldefined patterns and are minor relative to the third strategy. In the third strategy, species exhibit complex habitat, diet and behavioral shifts during the transition from settlement through late-juvenile life stages ('ontogenetic shifters': Fig. 1C ). Larvae of these species tend to settle into habitats that are distinct from adult habitats, and undergo notable ontogenetic shifts, often using intermediate habitats during this transition. Many of the species that use this life-history strategy use back-reef systems as juveniles (e.g. Serranidae:
Eggleston 1995, Sheaves 1995, St. John 1999; Haemulidae (Pomadasyidae): Shulman & Ogden 1987 , Appeldoorn et al. 1997 Lutjanidae: Ley et al. 1999; Palinuridae: Marx & Herrnkind 1985 , Acosta 1999 , Eggleston & Dahlgren 2001 . Ontogenetic shifters that are exploited require especially expedient attention. Other species following this life history strategy may be of ecological importance in structuring fish assemblages and benthic communities (e.g. Sphyraenidae: Thayer et al. 1987 , Ley et al. 1999 , Acanthuridae: Robertson 1989 , Adams & Ebersole 2002 .
For most species, the nursery function of back-reef system habitats remains unclear, in part because confusion has resulted from inconsistent definitions in the literature (especially between fishes and invertebrates) or definitions that have not sufficiently partitioned the early life stages of ontogenetic shifting species. Since nursery function comparisons should only be made among habitats utilized by the same life history stage of a given species, it is crucial to clearly delineate these stages (see Table 1 ).
Similarly, most work has also inadequately partitioned the life stages between recruitment and adult. In many cases, 'juvenile' has encompassed all life stages after settlement and prior to maturity (e.g. St. John 1999) . Given the numerous ontogenetic shifts during the juvenile period (e.g. Epinephelus striatus: Eggleston 1995 , Dahlgren & Eggleston 2000 , and because some species move from the back-reef systems to coral reefs prior to maturity (Adams & Ebersole 2002 , Cocheret de la Morinière et al. 2002 , a more precise partitioning of this early life period is necessary (Shulman & Ogden 1987 , Robertson & Kaufmann 1998 . Occurs at end of post-settlement stage and incorporates Doherty & Sale (1985) , effects of larval and post-settlement processes. Characterized Kaufman et al. (1992) , by entrance into period of lower mortality. First record of an Booth & Brosnan (1995) , individual in juvenile stage by researchers Gutierrez (1998) 
Ecological processes
A difficult aspect in defining the nursery function of habitats is that many species show considerable plasticity in habitat use as juveniles. Some species, for example, may be obligatory users of particular juvenile habitats in one location (e.g. Ocyurus chrysurus dependent upon mangrove/seagrass habitat; Nagelkerken et al. 2001) , but in another location use additional habitats as juveniles (e.g. juvenile O. chrysurus present in backreef system habitats lacking mangroves; Mateo & Tobias 2001 , Adams & Ebersole 2002 . Moreover, many species are abundant in numerous habitats as juveniles (Shulman & Ogden 1987 , Booth & Wellington 1998 , Nagelkerken et al. 2000b , Adams & Ebersole 2002 , suggesting a facultative strategy of habitat use.
Fishes and invertebrates tend to use shelter appropriate to their body size, and predation-induced competition may result in shelter of appropriate size being a limiting resource (Hixon 1991 , Eggleston & Lipcius 1992 , Friedlander & Parrish 1998 . Moreover, juvenile habitat use can vary among locations (Booth & Wellington 1998 , Stoner 2003 and years (Tolimieri 1995 , Adams & Ebersole 2004 , so caution should be exercised when attempting to extrapolate results across spatial and temporal scales. This inherent variability may limit the general applicability of results until information on connectivity between the various juvenile habitats and adult populations is established, which will help determine the extent to which juvenile habitats are obligatory or facultative.
Although difficult to measure, site selection at settlement by incoming larvae is likely to have variable effects on the distribution of juveniles. The ability of settlement-stage larvae to detect habitats prior to settlement (e.g. Montgomery et al. 2001 , Atema et al. 2002 and evaluate habitats during settlement (Kaufman et al. 1992) , combined with the plasticity of settlement preferences among individuals and among locations (Booth & Wellington 1998), underscores the importance of examining the habitat characteristics that influence settlement and post-settlement movements. For site-attached species, site selection at settlement is reflected in juvenile abundance (e.g. Doherty 1983 ). In contrast, many fishes that are ontogenetic shifters undergo migrations immediately after settlement (McFarland 1980 , Shulman & Ogden 1987 ). Thus, a survey at the end of the summer settlement season in the Caribbean, for example, would reveal juvenile habitat use after potentially major postsettlement modification of settlement patterns (Shulman & Ogden 1987 , Booth & Wellington 1998 , and would omit important ontogenetic transitions.
Numerous post-settlement processes, which may be density-dependent, influence juvenile abundance, growth, survival and emigration, all of which combine to influence the nursery function. Predation is a major influence on juvenile fish abundance both through natural causes (e.g. Shulman 1984 , Hixon & Beets 1993 , Sweatman & Robertson 1994 , Beukers & Jones 1997 , Nanami & Nishihira 2001 and through fishing pressure (Heupel & Simpfendorfer 2002) . Other important factors influencing juvenile abundance are competition (Robertson 1991 , Risk 1997 , Overholtzer & Motta 1999 , other interspecific interactions (e.g. aggressive interactions: Overholtzer & Motta 1999 , Tolimieri 1998 ) and food availability (Shulman 1985 , Heck & Weinstein 1989 , Ley et al. 1994 , Laegdsgaard & Johnson 1995 , Nagelkerken et al. 2000a , but see Sheridan & Hays 2003) . However, the migratory ability of juveniles of many ontogenetic-shifting species (e.g. Blackmon & Eggleston 2001) adds another aspect to the interpretation of research results. What has not been examined is whether migratory ability influences the effect/intensity of density-dependent mortality, and is in itself driven by site-specific densities. In other words, at what point and to what extent will juveniles risk migrating in search of other locations if conditions at one location are poor? What proportion of reduction in abundance that has been attributed to predation might actually have been due to migration? One approach to addressing this issue is examining foraging efficiency (Laegdsgaard & Johnson 1995 , changes in diet (Austin & Austin 1971 , Bellwood 1988 , St. John 1999 , Cocheret de la Morinière et al. 2003 , and the tradeoffs between achieving a high growth rate and avoiding predation (Dahlgren & Eggleston 2000) that are likely to underlie key ontogenetic transitions and provide insight into the relative influences of predation versus migration.
Ecological theory related to species that shift habitats suggests that the ontogenetic habitat shifts from back-reef systems to adult habitats can result from the conflicting demands of growth and survival that vary between habitats and change throughout an animal's ontogeny. Because different habitats vary in the quantity and quality of food and refuge and predation potential, for any species there may be tradeoffs between achieving a high growth rate and improving the chance of survival. As animals grow, their resource requirements for growth and their vulnerability to predators change. Thus, it is predicted that animals will change their habitat throughout their ontogeny to balance these tradeoffs by minimizing the ratio of mortality risk to growth rate (Werner & Gilliam 1984) . Theory also predicts that habitat shifts may result from behavioral responses to densitydependent resource use. For example, under the 'ideal free-distribution theory' (Fretwell & Lucas 1970) , individuals will choose to use a habitat that maximizes resource use of individuals, and change habitats when per capita resource availability increases in one habitat relative to another. Thus, animals may use poor-quality habitats when densities are high in high-quality habitats because per capita resource use will be similar in both habitats, but such poor-quality habitats may not be used when densities are low in better habitats. While tests of these theories in other marine systems indicate that such processes can drive habitat shifts (e.g. Holbrook & Schmitt 1988 , Salvanes et al. 1994 , Utne & Aksnes 1994 , few empirical tests of these theories for ontogenetic habitat shifts exist for tropical marine species. Dahlgren & Eggleston (2000) found ontogenetic habitat shifts by juvenile Nassau groupers Epinphelus striatus to be consistent with the predictions that ontogenetic habitat shifts minimize the ratio of mortality risk to growth rate. However, other studies have shown that movement among habitats was not density-dependent or related to per capita resource consumption as predicted by the ideal free-distribution theory (Levin et al. 2000 , Overholzer-McLeod 2004 , 2005 .
Although it has received relatively little attention, understanding the effect of disturbances on the nursery function is critical. Butler et al. (1995) found that the distribution of juvenile Caribbean spiny lobsters among habitats changed dramatically when one of their preferred habitats, sponges, suffered a massive die-off in Florida Bay. In areas where few alternative natural or artificial shelters existed, lobster density decreased, but sites to which artificial shelters were added had a dramatic increase in lobster density.
Tropical cyclones are among the most prevalent disturbances to back-reef systems, and have an impact on the nursery function of habitats. Extremely high settlement of juvenile Epinephelus merra (up to 474 ind. per 20 m 2 ) occurred in a pulse following a tropical storm on reefs of Réunion Island (Letourneur et al. 1998 ), but densities were reduced to pre-storm levels (18 ind. per 20 m 2 ) within 7 wk. Thus density-dependent processes may impose a relatively stable density of the territorial E. merra (Letourneur et al. 1998) . Lassig (1983) found high juvenile mortality and redistribution of subadults immediately after a tropical cyclone that occurred during the settlement season in Australia. Given the frequency of cyclones during the settlement season and the influence of recruitment on adult abundance, he postulated that cyclones might be important factors in population structure. In contrast, Adams & Ebersole (2004) censused fishes before and after a hurricane that occurred at the end of the settlement season in the Caribbean, and found no short-term effects on abundance or size of studied species. They postulated that larger individuals present at the end of the settlement season may be resistant to hurricane disturbances. Alternatively, the high frequency of storms at their study location may have already induced a phase shift to fish assemblages resistant to hurricanes. Finally, effects of anthropogenic impacts on back-reef systems will probably be less variable because most of these impacts are long-term (chronic) and do not provide the opportunity for affected habitats to recover.
Influence of habitat dispersion
As indicated by our previous lagoon example, the loose use of habitat terms to describe potentially distinct habitat types has inhibited movement towards a consensus on the nursery function of back-reef system habitats. The lack of definition of habitat types within back-reef systems has sometimes resulted in wrong conclusions. Studies regularly refer to earlier work by, for example, Ogden & Ehrlich (1977) , Ogden & Zieman (1977) , McFarland (1980) and Myer et al. (1983) when discussing fish migrations from seagrass in back-reef systems to offshore coral reefs. The studies cited were done on patch reefs within a lagoon on St. Croix, however, and thus show the existence of ontogenetic migrations among habitats within the back-reef system instead of between the back-reef system and the coral reef. Confusion regarding habitat classification can be resolved, and comparisons within and among studies made consistent, if consensus can be reached regarding habitat classification schemes. Excellent examples of such schemes include those developed by the US National Ocean Service's Biogeography Team (http:// biogeo.nos.noaa.gov/products/us_pac_terr/htm/descri p.htm), the European Environment Agency (EUNIS, with input from BioMar; see http://eunis.eea.eu.int/ habitats.jsp), and Greene et al. (1999; for deep-sea habitats).
Descriptions of dispersion of habitat types in the overall habitat mosaic will also eliminate much of the confusion related to habitat classification. Habitat dispersion can affect the extent to which fishes are able to find appropriate back-reef system habitats for settlement, use back-reef system habitats as nurseries, and migrate to adult habitats on reefs (Booth & Wellington 1998). For example, juveniles on similar habitat types at different distances from a coral reef experienced different predation rates (Shulman 1985) . Within a lagoon, densities of reef fish species that typically spend their benthic life stages on the coral reef rapidly decrease with distance from the coral reef (Nagelkerken et al. 2000b) . Juvenile immigration and emigration rates of spiny lobsters Panulirus argus in Belize were up to 4 times higher on mangrove and coral islands surrounded by seagrass (a settlement habitat) than on mangrove and coral islands surrounded by sand and rubble (Acosta 1999).
Although contiguous habitats are advantageous to vagile species that are able to move among these habitats (Ault & Johnson 1998), especially as adults, the effects of habitat contiguity on ontogenetic shifts from juvenile to adult are unclear. For example, while some temperate species are capable of long-distance migrations between juvenile and adult habitats (Gillanders & Kingsford 2000) , this has seldom been shown for coral reef fishes. Also unclear is the extent to which habitat corridors are necessary for successful migration from isolated juvenile to adult habitats, but indications are that juveniles are able and willing to migrate among such isolated habitats. For example, acanthurid (Robertson 1989, Adams & Ebersole 2002) and haemulid (McFarland 1980) larvae may take advantage of a large target area provided by seagrass beds for settlement, and then migrate to advantageous postsettlement microhabitat types (e.g. patch reefs, rubble) that are embedded within the seagrass beds (Parrish 1989) . In this fashion, larvae are able to settle on habitat types that are close enough to the coral reef for successful ontogenetic migration, but far enough to reduce predation. More vagile species are able to use multiple, back-reef system habitat types within the juvenile stage, prior to shifting to deeper, open-water habitats as adults (e.g. Caranx ignobilis; Wetherbee et al. 2004) . In contrast, the presence of less mobile species on isolated microhabitats (e.g. Nanami & Nishihira 2002 , 2003 , Chittaro & Sale 2003 ) is based in large part on the ability of larvae to find and settle on these habitats.
Finally, habitat complexity is especially influential in obtaining accurate measures of the nursery function. Such complexity results from not only the dispersion of habitats, but also from variability in characteristics of the habitat that affect its function for juveniles and the amount of habitat available to juveniles. While qualitative surveys have been conducted for most of the habitat types within back-reef systems, quantitative surveys have seldom been reliably accomplished. A further challenge involves the need to adequately characterize temporal variation in habitat characteristics and use, over both the shortand long-term.
Geographical considerations
Although back-reef systems may be important components of coral reef ecosystems worldwide, most of the literature, and most of the references cited here, are on the Caribbean. Historically, most Indo-Pacific studies have not compared juvenile use of habitats on the fore-reef and in back-reef systems, leaving unresolved the debate over the nursery function of the latter (Birkeland & Amesbury 1988, Thollot & Kulbicki 1989 , Blaber & Milton 1990 , Chong et al. 1990 , Thollot 1993 . Evidence is growing, however, that back-reef system habitats in the Indo-Pacific may provide a nursery function similar to that found in the Caribbean. Many of the earlier studies indicating that backreef systems were important to reef fish populations focused on the importance of estuaries. For example, in north Australia, 11 species exclusively use estuaries as juveniles and offshore habitats as adults, suggesting a true estuarine-dependence (Blaber et al. 1989) . Similarly, in eastern Australia, juveniles of at least 14 species occur in estuarine and adjacent, shallow, turbid mangrove and seagrass-bed habitats, with adults found in deeper water or ocean habitats (Blaber & Blaber 1980) . Mainland estuaries adjacent to the Barrier Reef were important nursery areas for Lutjanus russelli, L. argentimaculatus, Epinephelus coioides and E. malabaricus (Sheaves 1995) . More recently, nonestuarine back-reef system habitats have been determined important juvenile habitats for species that live on the reef as adults (Doherty 2002 , Nakamura & Sano 2004 , Doherty et al. 2004 . Thus, although the following discussion of a suggested research framework draws on many examples from the Caribbean, the same generalized approach is recommended for Indo-Pacific studies.
RECOMMENDED RESEARCH FRAMEWORK
Given the lack of baseline data on juvenile habitat use for many species in back-reef systems, and the need for quantification of connectivity between juvenile and adult habitats, we build upon the framework presented by Beck et al. (2001) and suggest a 4-level approach to improve our understanding of the nursery function of back-reef system habitats (e.g. Platt 1964 ). We provide additional examples, primarily from the more extensive Caribbean literature, as cautions and to highlight how specific approaches can be used to assess habitatspecific nursery function for back-reef systems of coral reefs (Table 2) .
Level 1: building conceptual models
There is considerable temporal and spatial variability in habitat use patterns and the habitat-specific nursery function. However, it is assumed that, on aver-age, particular habitat types have a higher nursery function than others (Beck et al. 2001) . Therefore, it is helpful to develop a conceptual model (e.g. Odum 1983 , Grant et al. 1997 ) that provides a framework for evaluating habitats and determining the nursery function in this dynamic context. In addition, a conceptual model is adaptable in that it can be modified as new information is gained. Perhaps most important, however, is that a conceptual model is useful in making predictions about habitat-specific nursery function, and underlying processes, that can be tested at multiple scales and in multiple locations. The building of conceptual models should be an iterative processinitially based upon present knowledge, with subsequent data collection and hypothesis testing, and adjustment of the model accordingly.
Level 2: identifying patterns
With guidance from conceptual models developed in Level 1, Level 2 research identifies general patterns of habitat-specific density; i.e. quantify the abundance of each life history stage of each species in each habitat within back-reef systems and adjacent coral reefs at multiple times. With this research it is important to use a comparative sampling approach so that all habitat types potentially used by the life stage of interest are sampled. Such comparative data will (1) be essential for testing hypotheses of proportional importance of different habitat types to each life stage (e.g. nursery habitat identification; Beck et al. 2001) , (2) help to avoid the pitfalls that stem from sampling only a portion of habitats (Gillanders et al. 2003) , and (3) provide a framework for examining processes that affect fishes within each habitat type (see subsection on Level 4).
Within this comparative sampling approach, it is critical to consider and correct for differences in gear efficiencies between habitats (e.g. Leber & Greening 1986 , Kellison et al. 2003 ) and for the use of different gears in different habitats (Rozas & Minello 1998) . Temporal biases (e.g. seasonal, diurnal) in sampling must also be carefully considered. For example, in the Caribbean, common fishes such as Lutjanidae and Haemulidae show diurnal movements between mangroves, seagrass beds and lagoonal patch reefs (Ogden & Ehrlich 1977 , Helfman et al. 1982 , Rooker & Dennis 1991 , Nagelkerken et al. 2000a , while Scaridae (e.g. reef habitats. Stable isotope and gut content analyses on snappers and grunts collected from mangrove habitats also indicate multiple habitat use (Harrigan et al. 1989 , Kieckbush et al. 2004 , Nagelkerken & van der Velde 2004 . Therefore, while determination of habitat-specific growth, mortality and production rates (see Level 4 subsection) may be useful for some species, for many species that occupy back-reef systems these rates are probably the product of using multiple habitat types. This suggests that certain combinations of habitat types are perhaps more important than any single habitat type, especially during the juvenile and subadult stages when individuals may not so much 'shift' from mangrove to reef habitats as 'expand' to incorporate more habitats into their repertoire with increasing age (Serafy et al. 2003) .
A second critical aspect of Level 2 research, largely lacking in studies in back-reef systems so far, is the application of the landscape theory (e.g. Robbins & Bell 1994) and habitat dispersion to habitat utilization and production. While the structural components of a habitat will be important to its value as a juvenile habitat for a given species, the nursery function of a habitat may also be largely dependent on its location within the overall habitat mosaic (Stoner 2003) , as discussed previously. It is important to consider spatial connectivity in a species-specific context, as the importance of habitat contiguity probably varies among species (Ault & Johnson 1998 , Cocheret de la Morinière et al. 2002 .
Species that routinely utilize multiple habitat types should also be studied using landscape approaches in Level 2 research. For example, the approach by Kendall et al. (2003) in their work on the French grunt Haemulon flavolineatum demonstrates how data on patterns of habitat use can be incorporated into a larger-scale spatial context of habitat distributions. Kendall et al. (2003) demonstrated that juvenile French grunts require a particular mixture and proximity of both hard-bottom and soft-bottom habitats, but that adults seem to have fewer restrictions and show no such relationship. These patterns were only observed at particular scales of analysis, and were explained in the context of larval settlement patterns, ontogenetic shifts, and foraging and sheltering requirements of individual life stages. Thus, the concurrent use of in situ observations and habitat distribution data provides a framework for examining how the spatial distribution of habitats influences fish distributions (e.g. Lindeman et al. 1998 for grunts and snappers). Relationships between the fish community present at a given site and the elements of the surrounding landscape must be evaluated at appropriate spatial scales to detect correlations (Kendall 2005) . While defining habitat-specific density for each life stage is an important component of Level 2 research, mapping the spatial dispersion of these habitats will provide the basis for additional Level 2 research on processes underlying habitat-specific densities, and Level 3 research on connectivity. Finally, defining the role of spatial context within the ecosystem habitat mosaic will provide a foundation for determining how a species might have been impacted by previous habitat fragmentation or loss (i.e. to what extent past habitat loss might be responsible for present population bottlenecks and trends in adult abundance), and what habitat(s) should be targeted for habitat restoration or conservation. This information will be especially important for the formulation of management and conservation plans that must incorporate ecological and anthropogenic components.
Level 3: assessing habitat connectivity
Once a quantitative baseline of habitat-specific patterns has been established, Level 3 research should examine connections among habitats and factors that might affect the observed patterns. Within the habitat mosaic defined in Level 2 research, Level 3 research should focus on establishing connections between juvenile habitats and habitats used by subadult and adult populations. This involves direct measurement of the extent to which these habitats are connected in order to estimate proportional contributions of the various juvenile habitats to adult populations (e.g. Chittaro et al. 2004 ). These measurements result in the truest measure of nursery function, and can be made with research utilizing artificial and natural tags (see Thorrold et al. 1998 , 2002 , Gillanders et al. 2003 , Wetherbee et al. 2004 . Such measurements should include landscape considerations, and should attempt to identify not only the type, but also the location of habitats from which adult production is derived.
Direct study of fish movements among habitat types can elucidate the mechanisms through which different habitat types are linked (Sale et al. 2005) . This is most likely to be achieved through uninterrupted monitoring of the location and behavior of tagged individuals. Radio-telemetry tagging systems, for example, hold much promise for continuous tracking of individuals in space and time. For example, using this methodology, Szedlmayer & Able (1993) demonstrated a seasonspecific ontogenetic habitat shift of summer flounder from tidal creeks into the marine environment. In practice, however, using telemetry to track an adequate number of individuals over relevant time periods and large spatial scales can be logistically and economically prohibitive. Similar benefits and constraints apply to various other natural and artificial tagging techniques (see complete review in Gillanders et al. 2003) . Despite the challenges associated with directly demonstrating fish movement patterns, we call for renewed efforts to use these methodologies to provide a more thorough and direct description of fish movements among habitat types, and, ultimately, of the nursery function of specific habitats.
Level 4: examining processes
Level 4 research identifies the processes and mechanisms underlying patterns observed from Level 2 and Level 3 research, including those that influence or determine larval supply, settlement, movement, growth and survival for each life stage of a given species. At present, most information regarding the role of back-reef habitats as nursery areas is based on inference from patterns to process, e.g. using lengthfrequency histograms to infer ontogenetic habitat shifts in fish species. Level 4 research seeks to further elucidate patterns discerned in Level 2 and Level 3 research using direct demonstration or experimental manipulations of potential underlying mechanisms (Connell 1980 , Simberloff 1983 , Strong et al. 1984 .
Experimental manipulations can be used to demonstrate explicitly the tradeoffs that determine habitat selection, growth, survival and movements of individual fish. For example, Dahlgren & Eggleston (2000) used field caging and tethering experiments to test the mechanisms that influence movement among habitats for juvenile Nassau grouper Epinephelus striatus. These experiments sought a deeper understanding of observation-based studies that suggested ontogenetic habitat shifts by this species (Eggleston 1995 , Dahlgren & Eggleston 2001 . Dahlgren & Eggleston (2000) demonstrated that the ratio of mortality risk to growth rate was the critical factor determining habitat selection. This level of understanding, which links observed patterns to the processes that give rise to them, is critical to developing efficient conservation strategies for focal species.
At broad spatial scales, anthropogenic activities (e.g. habitat destruction or restoration), marine protected areas (MPAs), and natural disturbances (e.g. hurricanes) can be utilized as ecosystem-level experiments to evaluate hypothesized mechanisms in back-reef systems. For example, restoration of back-reef system habitats are an excellent 'acid test' of current ecological understanding (Bradshaw 1987) . Efforts underway to restore hydrologic connectivity (i.e. tidal flow) to fragmented tidal creeks in the Bahamas (Layman et al. 2005) can be treated as experimental manipulations of entire back-reef systems. By tracking fish production and movement patterns following restoration, it may be possible to quantify the degree of faunal enhancement to adult populations (e.g. on coral reefs), and thus support or refute hypotheses concerning the effects of ecological processes occurring in these habitats. Similarly, MPAs can provide 'beforeafter' protection comparisons, or large-scale comparisons among protected and unprotected areas that reveal specific mechanisms that may be altered with varying degrees of human impact (Halpern & Warner 2002 , Sobel & Dahlgren 2004 , Micheli et al. 2005 . Finally, natural disasters can be used to assess changes in the nursery function following habitat loss. For example, hurricane decimation of seagrass beds (Rodriguez et al. 1994 , Fourqurean & Rutten 2004 provides an opportunity to test hypotheses on the importance of these habitat types for increasing growth and survival of juvenile fishes (reviewed in Heck et al. 2003) .
Temporal and spatial variability in habitat utilization patterns must be considered when planning future studies. Larval recruitment, for example, may vary annually by orders of magnitude (Shulman 1985) , which may result in annual habitat-specific production differences for species that show plasticity in habitat use (e.g. Adams & Ebersole 2004) . From a spatial perspective, sites that seem to belong within the same habitat type (e.g. seagrass beds, mangrove edges, beaches) may be quite different due to location or other attributes, and might more appropriately be considered as distinct (e.g. small-patch versus large-patch seagrass beds, mainland shoreline versus island mangrove edges, high-energy versus low-energy beaches).
The above discussion has addressed the importance of comparisons among habitats, i.e. on the local scale, but it is equally essential to incorporate comparisons at the regional scale into research designs. Given the plasticity in habitat use by fishes of many species, it is possible that habitats are used at different levels in different regions (Gillanders et al. 2003) ; this is a good argument for concurrent research in multiple regions. Alternatively, sequentially repeating research in different regions, using conceptual models as a predictive framework, presents a perfect opportunity for testing hypotheses generated by research in a single region. Comparative results will help determine whether species are obligatory or facultative users of the identified juvenile habitats (e.g. Nagelkerken et al. 2001 Nagelkerken et al. , 2002 . In addition, comparisons among areas along a gradient from high to low anthropogenic impacts should provide immediate applications for management, conservation and restoration.
MANAGEMENT RECOMMENDATIONS
The research recommended herein for back-reef systems would provide information that would be beneficial to managers in 3 main areas: habitat conservation, habitat restoration and ecosystem management. From a habitat conservation and restoration perspective, knowledge of the nursery function of back-reef habitat types, fully quantified or relative to other back-reef habitat types, would allow managers to identify and target highly productive areas (nursery or effective juvenile habitats: Beck et al. 2001 and Dahlgren et al. 2006 , respectively) for protection or restoration. Managers could also assess the success of restoration efforts by comparing measures of nursery function between restored and natural sites. From an ecosystem-management standpoint, knowledge of the habitat specific nursery function would (1) help to elucidate the importance and potential severity of habitat degradation, fragmentation, and loss to ecosystem services (a message that could be conveyed to the public via outreach efforts), and (2), allow managers to better predict multi-species population trends (assuming knowledge of the nursery function for multiple species) and implement adaptive management practices for species or groups of species of management interest.
Improving our ability to manage and conserve the goods and services provided by back-reef systems will also be dependent on increased cooperation and coordination between multiple local, regional, national and international management agencies with adjacent resource management and enforcement jurisdictions or, in many cases, overlapping jurisdictions. It has long been understood that, since many fishes and invertebrates move over relatively large spatial scales during the course of their life history, and jurisdictional boundaries are rarely based on biological factors, management of these species requires coordination across management boundaries. We must work to improve this coordination, ensuring that management, conservation and restoration goals and approaches are consistent across agencies. Blackmon DC, Eggleston DB. (2001) Factors influencing
